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1, Introduction 
Procollagen, the biosynthetic precursor of collagen, 
contains asparagine-linked oligosaccharide units in the 
carboxyl propeptides of the pro&-chains [l-6]. These 
oligosaccharide units contain N-acetylglucosamine 
and mannose. Based on molecular weight estimates of 
pronase-derived glycopeptides obtained from [3H]- 
mannose-labeled type I procollagen, it has been con- 
cluded that the carboxyl propeptides of type I procol- 
lagen contain 8-9 monosaccharide moieties [6]. On 
the basis of direct determination of mannose and 
N-acetylglu‘cosamine in carboxyl propeptides isolated 
and purified from type I procollagen, we had found 
that the procul(1) propeptide contains 2 residues of 
N-acetylglucosamine and 9 residues of mannose and 
that the pro& propeptide contains 2 residues of 
N-acetylglucosamine and 13 residues of mannose [3]. 
Based on a combination of cDNA and peptide sequence 
analysis, we were able to identify the attachment site 
for the oligosaccharide within the proLvl(1) chain [7]. 
Here, we report on the amino acid sequence of the 
oligosaccharide attachment site within the pro& 
chain. In addition, we have isolated and characterized 
the mannose-rich tryptic glycopeptides obtained from 
both the pro&l(I) and proa carboxyl propeptides. 
2. Material and methods 
The carboxyl propeptide of chick type I procol- 
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lagen, labeled with a mixture of 14C-labeled amino 
acids was prepared and purified as in [3]. The purified 
peptide (7 mg in a typical experiment) was reduced 
and alkylated with sodium iodoacetate [3] and 
desalted on a Bio-Gel P2 (Bio-Rad Labs.) column [3]. 
Separation of the subunits of the carboxyl propeptide 
(Cl ,C2) was accomplished using a 1.5 X 10 cm 
column of CM-cellulose (CM-52; Whatman). The 
column was equilibrated with a 50 mM sodium acetate 
buffer (pH 4.2) containing 6 M urea and eluted with a 
600 ml linear gradient of O-O.2 M NaCl in the same 
buffer. The flow rate was 86 ml/h and 5 ml fractions 
were collected. The appropriate fractions were pooled, 
and the separated subunits were desalted on a Bio-Gel 
P2 column (Bio-Rad Labs.) equilibrated with 0.2 M 
ammonium bicarbonate and lyophilized [3]. 
Each propeptide (Cl ,C2) was dissolved in 0.2 M 
ammonium bicarbonate and digested with TosPhe 
ChzCl-treated trypsin for 4.5 h at 37°C at a substrate/ 
enzyme ratio of 20/l (w/w). The reaction was stopped 
by adding a few drops of 0.5 N acetic acid and the 
samples were lyophilized. 
The tryptic digests of the Cl and C2 propeptides 
were fractionated on a 0.5 X 1.7 cm column of con 
A-Sepbarose (Pharmacia). The column was equili- 
brated with a 25 mM Tris-HCl buffer (pH 7.5) con- 
taining 0.1 M NaCI, 1 mM CaC12, 1 mM MnC12, 0.1% 
Triton X-100,0.270 SDS and 0.01% sodium azide [6]. 
The glycopeptides were eluted from the column with 
0.05 M oc-methyl-mannoside. The flow rate was 
2.4 ml/h and 0.5 ml fractions were collected. The 
appropriate fractions were pooled and desalted on a 
1.5 X 130 cm polyacrylamide column (Bio-Gel P6, 
Elsevier/Nortlz-Holland Biomedical Press 
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Bio-Rad Labs.) equilibrated with 0.2 M ammonium 
bicarbonate. 
Neutral sugars were analyzed by gas chromatog- 
raphy as in [3] using a column packed with 3% 
SP-2340 on lOO/ 120 Supelcoport in a Hewlett-Packard 
Model 5830A gas-liquid chromatograph. After 
hydrolysis of the peptides with 1 N HCl at 100°C for 
9 h, 0.16 pmol arabinose were added as an internal 
standard. 
Amino acid analyses were performed using a 
BeckmanModel 121 MB amino acidanalyzer. Peptides 
were sequenced by automated Edman degradation as 
in [ 1 I]. The PTH-amino acid derivatives were identi- 
fied by high-pressure liquid chromatography and by 
amino acid analysis following back-hydrolysis. The 
eluate from the high pressure column was collected in 
0.5 ml fractions and assayed for radioactivity by liquid 
scintillation counting. 
The preparation of a hybrid bacterial plasmid con- 
taining a collagen procu2 cDNA sequence has been 
described [S]. The cDNA insert was isolated from the 
recombinant plasmid, pCOL 1, by digestion with 
BarnHI and Hind111 followed by electrophoresis on a 
5.2% polyacrylamide slab gel. The DNA was located 
by staining with ethidium bromide and recovered by 
electrophoretic elution. 
The genomic clone, hgCOL 204, which contains a 
16 X lo3 basepair chicken DNA insert with sequences 
coding for the carboxy-terminal part of the proa 
chain was isolated from a genomic library using the 
cDNA insert of pCOL 1 as hybridization probe 191. 
From a partial Hind111 digest of hgCOL 204, a frag- 
ment of 10.5 X lo3 basepairs containing a 3.8 X lo3 
and a 6.7 X lo3 basepairs Hind111 fragment was sub- 
cloned in the plasmid vector pBR322. This subclone, 
pgCOL 20, contains all the coding sequences for the 
carboxyl propeptide of prool2 chains. 
The recombinant plasmid pgCOL 20 was grown in 
Dchetichiu coli strain HB 101. The chicken DNA 
insert was isolated from the plasmid by digestion with 
Hind111 followed by electrophoresis in a 1% agarose 
gel. The 3.8 X lo3 and 6.7 X lo3 basepairs fragments 
were recovered by electrophoretic elution. 
DNA restriction fragments were obtained using 
standard procedures and separated on polyacrylamide 
gels as in [lo]. 
The nucleotide sequences of a cloned fragment of 
the chick procu2 collagen gene and of cloned cDNA 
molecules containing sequences coding for the Cl and 
C2 carboxyl propeptides, were determined as in [12]. 
Sequence data from various experiments were com- 
pared, assembled into a single sequence and examined 
using the computer programs in [ 131 which were 
revised for use on the Data General Nova 3 computer. 
3. Results and discussion 
To isolate the mannose-rich glycopeptides from 
the carboxyl propeptides of procul(I) and proot2 
chains, we separated the radioactively-labeled carboxyl 
propeptides on CM-cellulose. The peptides were 
digested with trypsin and the digests were chromato- 
graphed on con A-Sepharose (fig.1) to separate the 
carbohydrate-containing peptides from peptides that 
did not contain carbohydrate. A fraction of the radio- 
activity applied to the con A-Sepharose column was 
bound to the column and could be eluted with 
a-methylmannoside. When the material that bound 
to the con A-Sepharose column was chromatographed 
on Bio-Gel P6, the radioactivity was found to elute in 
a single peak (fig.2). The amino acid and neutral sugar 
compositions of these glycopeptides are shown in 
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Fig.1. Isolation of the Cl (A) and C2 (B) tryptic glycopep- 
tides by chromatography on con A-Sepharose. After the elu- 
tion of peptides that did not bind to the column the glyco- 
peptides were eluted with 0.05 M a-methylmannoside (-). 
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Fig.2. Chromatography of the Cl (A) and C2 (B) tryptic 
glycopeptides on Bio-Gel P6. The Triton X-lOO/SDS micelles 
as detected by their absorbance (0) were separated from the 
radioactively labeled glycopeptides (o) in this column. 
table 1. Both the Cl - and C2-derived peptide contained 
mannose, with the C2-derived peptide containing 
more mannose residues than the C 1 -derived peptide. 
The amino-terminal sequences of the glycopeptides 
recovered from the P-6 column were determined by 
automated Edman degradation. Although the amounts 
of material that were available did not allow a com- 
plete sequence determination, enough peptide was 
obtained to establish a partial sequence for both pep- 
tides (table 2). To obtain the complete amino acid 
sequence of the mannose-containing region of the Cl 
propeptide, we have determined the nucleotide 
sequence of the cDNA insert in a pre-constructed 
recombinant plasmid containing sequences coding for 
the carboxyl-end of procul(1) chains [7,10]. To deter- 
mine the amino acid sequence of the carbohydrate- 
containing region of the C2 propeptide, we first 
sequenced the cDNA insert of the recombinant plasmid, 
pCOL 1 [8]. pCOL 1 contains sequences coding for 
the C2 propeptide and a portion of these sequences is 
Table 1 
Amino acid composition of the tryptic mannose-containing 
glycopeptides of the C-propeptide 
- 
Amino acid Residues/peptide Residucs/peptide 
(predicted from (observed values) 
DNA sequence) (uncorrected) 
- - 
Cl C2 Cl C2 
____ _~___ 
Asp 1 2 0.7 1.3 
Thr 3 I 1.9 1.0 
Ser 1 1 1.2 1.2 
GlU 2 1 2.3 1.0 
Pro - _ 0.2 0.1 
GLY ._ 1.3 1.4 
Ala 1 2 1.0 1.9 
CYS 1 1 
Val 1 0.9 _ 
Met 1 0.8 
Ile - I 0.4 1.1 
Lcu 1 2 1.2 2.1 
Tyr 1 1 0.8 0.9 
Phe - _ _ _ 
LYS I 1 1.0 0.9 
His 1 2 0.7 1.9 
Arg - _ 0.3 ._ 
Total 15 15 14.7 14.8 
Carbohydrate 
_____ 
Mannose 9 13 
shown in fig.3. For comparison, the homologous 
sequence of the Cl-coding DNA is also shown. The 
analysis of the pCOL 1 sequence showed that this 
cDNA insert coded for only a small part of the C? 
propeptide, and moreover it did not contain a carbo- 
Table 2 
Edman degradation of tryptic mannose-containing 
glycopeptides of the C-propeptide 
Cycle Residues predicted 
no. from DNA sequence Residues observed 
Cl (‘2 Cl C2 
1 Leu Leu 
2 Met Leu 
3 Ser Ala 
4 Thr Asn 
5 Glu Ilis 
6 Ala Ala 
7 Thr Ser 
8 Gin Gin 
Leu 
Met 
Glu 
Aid 
-. 
Gin 
Leu 
Leu 
Ala 
_. 
Ala 
_ 
172 
Volume 125, number 2 FEBS LETTERS March 1981 
L1: GL” ILE CL” ILL r\RG hi4 SL” GiY ASLi SER 
pCOl.3: GAL \1 L G\G 4ri AGG CCC c, Zh <,(.,I h,,C. ,AL(’ 
pbLoI.z”’ (,\I LTT L,\r\ 1. I A TLi G71 ,,A,\ 4 (I r ,\.z t- hG( 
,>C”I.l G.\T Lir CL\‘\ rr.1 cc:\ LII L ,A cx:(‘ ,,,l AGL. 
C? : ASP “AL GLU LEll hRG ALA C,LU GLY dS& SE!2 
Fig.3. Nucleotide sequences from the coding strands of the 
prool2-coding genomic subclone pgCOL20 and the proa2- 
coding cDNA clone pCOLl_ For comparison the homologous 
sequence from the prooll-coding cDNA clone pCOL3 [7] is 
also shown. The proa cDNA ends at a BamH 1 sites as indi- 
cated (+). The cDNA is -180 basepairs long and,although its 
complete nucleotide sequence has been determined (L. A. D. 
unpublished) only a portion of the sequence is shown here. 
The carbohydrate attachment sites in the Cl and C2 propep- 
tides are indicated by the boxed-m region. The amino acid 
sequences derived from the nucleotide sequences are shown 
in the top (Cl) and bottom (C2) lines. 
hydrate attachment site of the structure Asn-X-Thr/ 
Ser. We therefore, turned to a genomic procu2 subclone, 
pgCOL 20 (E. Avvedimento, personal communication) 
to obtain additional C2 sequences. In fig.3 the results 
obtained by sequencing a fragment of pgCOL 20 are 
also shown. The fragment contains sequences that are 
homologous with the C 1 propeptide sequence and 
clearly overlaps with the C2-coding cDNA sequence. 
The amino acid sequences obtained from the 
tryptic glycopeptides, together with amino acid com- 
positions and nucleotide sequences of the genomic 
DNA and cDNA made it possible to verify the location 
of the carbohydrate attachment sites within the 
carboxyl propeptides of type I procollagen. With the 
exception of the values for glycine and cysteine, the 
amino acid compositions of the Cl and C2 glycopep- 
tides were in good agreement with the compositions 
predicted from the nucleotide sequences (table 1). We 
do not consider the differences in the glycine and the 
cysteine values to be significant. It is likely that the 
presence of glycine in the analyses indicated a low 
level of contamination in the glycopeptides and the 
absence of carboxymefhylated cysteine in the analyses 
was probably due to technical difficulties. The 
amounts of mamrose found in the Cl and C2 propep- 
tides [3] and the amounts of this sugar found in the 
isolated tryptic fragments clearly show that the Cl 
and C2 propeptides contain one oligosaccharide side- 
chain. This sidechain is located in the carboxy-terminal 
half of the carboxyl propeptides as shown in fig.4. 
The procu2 propeptide contains -30% more 
mannose than the proal(1) propeptide. This has also 
been observed in labeling experiments [6]. The sig- 
nificance of this ‘over-glycosylation’ of procu2 relative 
to procul(1) is unknown. 
The findings that the mannose-rich oligosaccharide 
units in the carboxyl propeptides of type I procollagen 
are within regions containing the sequences -Asn- 
Val-Thr- and -Asn-Ile-Thr- are in complete 
agreement with studies indicating that the sequence 
-Asn-X-Ser/Thr- is the predominant structural 
requirement for glycosylation of asparaginyl residues 
by oligosaccharide transferase [ 141. The functional 
importance of the carbohydrate in the carboxyl end 
of procollagen is unknown, but the carbohydrate 
units may provide recognition mechanisms for secre- 
tion and/or fibrillogenesis. 
CHO 
Cl I 
HAE 111 
AL _--_-- - __--_____ --------- pgCOL 20 
BAM HI 
CHO 
c2 I 
-1.1. 
/ \ 
pCOL I 
BAM HI EC0 RI 
0 50 100 150 200 250 
Pig.4. Diagram showing the position of the carbohydrate 
sidechains (CHO) in the Cl and C2 propeptides and the 
localization of the nucleotide sequences reported here. (+) 
Indicates the directions in which nucleotide sequences were 
determined from HaeIII and BarnIll restriction endonuclease 
sites. The scale at the bottom of the diagram indicates the 
number of amino acid residues in the carboxyl propeptides as 
counted from their amino-terminal ends. 
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